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Quite often Sisrm out 60 be the fatigus crisicel slaments in airceslt structures. Recently, an extessive co-operative programme
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MMMHHM h*p-l-u-nnlhhmaa“d
; M’l&m the programms whish cunmines mecheuically listened
Mﬁlmmmmmnmmthmmw
_exhibie no, low and high atcunts ol lond tramifer by the fattener. The no load nint wos sujacted and tis low snd bigh
www-mw»umummmhmz.mmduum-
. considered. They are compared on the basis of load transfer and sccondary bending charactistios and aleo on the fatigne

sodutance with 2 fange of fastener systens mmmmuwwmmwu_

’ ‘ wawmummm

mmcmmhmwwum-mmmhmm«u
réalisations aérospatisles) & mené 3 bien un programsme coordossé d'examens des performances en fatigue ot des
_ Ewm&mammmmamnmm

uprémmédéaﬁkpwqimhwwm

(4)] mmmmmamm
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Mhmmmmmmemumwmmm«mampuhm
respectivement nul, faible et devé. On a écarté Ia solution d'une liaison sans aucun transfert de charge et estiiné qu'vn transfert
de charge faible ou éleve constitusit un bon équivalent pour Pévaluation des systimes de fixstion. Dans la deuxidme partic, on
traite trois types de liaison & cissillement simple. On les compare entre eux en éudiant le transfert de charge et les
mmﬂmm”hMihwmﬁhkwaMMUank
modele & wthWnMMmewimm
mmum fixations.
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FASTENER SYSTEMS :

41 HEFLOK inplainbole (1A snd2h).

4.2 HELOK jucold-worked hole (1B and 2B)

43 lII-MHﬁNl(IC-IOC)ldHI-'ﬂGUEhMW(ZD)
44 llUCl-m-(m)

mm
No-hmmnlm
5.3 mmmm"l-e

nsm.mmmsamous

6.1 Mesults aad discussion ofthe 0 o« low secondary beading tests

&L l‘w-luhdmbﬁ

) 6.1.2 Neload tramslie jeints

.62 M‘Moﬂbﬂﬁmmm
2.1 ladMﬂMi*nm
6.2.2 Fatigie toot results

CONCLUSIONS AND RECOMMENDATIONS OF PART 1, NO OR LOW SECONDARY BENDING
8. CONCLUSIONS AND RECOMMENDATIONS OF PART 2, HIGH SECONDARY BENDING
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nstener systeme which claim 10 iisprove: mmuaummmww

omenged sumicrons
m»mm mm mhhmmuﬂuk dnms saflc but

‘ MQM'Q“WWWFMW umd(.‘!)wlhhud

standerd jolats for tastencr cvaluntion. The sim was not 1o design new joints, but (0 assess in some detail a

) wuswmhhmmT&hmmmuummmuma,
: ﬂm“hm

"MmMMMhMMBhMmy bending: Accordingly the standard mechanical

is split into two parts. Part 1 considers joints with no or low secondary bending and is described in section 2.1.

. joint programme
: mzmmmmmmmummmzz

21 Nochmmm

hmmmmmﬂmmmmmammmwdm-mw '

wise jolnts, either skin-to-spar or skin-to-stiffener. The skin-to-stiffener joint will contain very low load transfer and should not

be.Wmh:Mﬂuwﬂh&emmbuwamm&mhanhd _

i design mey have a kigh lond tranafor near the wiag root and become fatigue critcal.

Choed-wive jolrits are on the other hand wMMMMMMMMW

' unmwmnumuhmw Tt s anguable therefore whether this type of joint is fatigue-

critical. Chord-wise jointy with single shear fasteners mﬂyeﬂiﬁldpﬁmtmmofmrybmdin;mdm
Whmzdum(mm

hh%whﬂhmdhwmﬂ-mdmmmWsmdM
transier and to pose the question:

o mddummmmmmmmmemmr

Mwmmmmmuwuﬁmm&m&mmdldﬁem
mummmd-mm»um-amuumummm-w
mdmm»um

nmuu-“uwmm

v“ﬂ“ﬂﬂm%hﬂ%hn““hﬁhwmnﬂud

mmtum ﬁm&mummm capable of peiforming this taek. The
mmwnhmmm alvo comsidered that if somplex joimts were defimed as standard
mmmm-uunmaummmmmuadum C

3 ”MW

mm&-dﬂm&ﬂmdhmnﬂmmmm The spechnen
w-qhmu-bm“n&nmn-h nnmdﬁ,hﬁl“mdl
n-wiss wing jolnt must be represemed in the wddu. winin festares (o be modelied ave the smount of load

pvod (7 Uy 1% fasteiter and the smsount of secandery
Ma“ﬁhummmimh T974(8) it some 60% of aircralt jolats seadied had an
SB oot 0.5 -MI“h“Wl.M-“dt 15% in the range 0.8 — M.‘lhnd'vﬁuhvh
wes O = 0.4 Spocimens with S5 valuss of 0.1 or Jess ave considered in Part 1 of this enorcise (section 2.1).
ol >0 tre ok considerid i Shis programinse. I view of the results of the FIRPS programme, it s fokt that
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Mmﬁnﬁ%uﬂnﬁohﬂ»mp&!n&s mmmwmmmmwwnwuum
- importance than the amount of secondary ma;mh.mmmmmmmmu

muumnrm»hwzo%-m are therefore considered in the exercise.

mmﬂmmmnummmmmmmwmmm

o =¥ mmmmuﬂwuuwmuwmmm applied. The
i S A N © ) mmmwuwwwm snd fastener flexibility and fit. The

hmmumwmmmmmummmmam
mﬁmmnnmamdmmmmwuwmamama
Firstly it must be confirmed by measurement that the LT and SB requirements are fulfilled i.c. the average SB ratio is in the
. fange 0.2 10 0.5 and ihe average LT is in the range 20% — 50% over a range of applied loads and a range of fastener
mmmMmmumkmnwmmm-mamth
' int thie joint his stabilised. From these measurcinents, with 3 range of fastencr instaliations, we can identify whether particular
MmmmmdmwmdLTﬁﬂwdmhmdemm
characteristic values swist be considered in conjunction with the results of a fatigue testing programme. As discussed in the
[ ,mm-mmmhwmmﬁmammmmmmm
S : systems in the same way.
o . meemnluofﬂnLTndSnmuwmmmwwmammdmnmmbe
) : : selected as standard specimens. In order to determine which joint or joints should be defined as standards, a selection
’ ‘  procedure was defined by the working group: This selection procedure starts by considering whether all of the joints yield
P similar results in both ranking and fatigwe rating, with the use of fatigue resistant fastencr systems. It may be that a number, but
, : .ot sl of the specimens produce similer results. if this is the case then one joint may be selected from this common group.
! o Funther considerations should be made of the remsining joints to asaess their importance: It is possible that the fastener-
dominated joints will yield different results to the geometry-dominated joints, in which case one joint from each group must be
'Mhmlb&hmhhmdﬁmyw”mmmmmmm
wmmhhmnw«ﬂhmﬁemuhdmwmmmﬁﬁmnuMMSBanpk
Mw

T Ty

kS srmmsncmm

MWhMM(ﬁm l).msnopeﬁdummwumlookhmdmmmepinuuedmh
MWAmmdwmﬁMMMMMMMMMud
load transfer. thMMMMhMmWhMW were sub-divided
into theee groups: no Joad transfer, low loud tranefer sind high load transfer. Specimeén geometries considered snd those chosen
for evalustion in the three categories, are described in sections 3.1, 3.2 and 3.3 respectively.

mmmmwmmemmmmmMmmm
range 0.2 0 0.5 and were relstively simple. The jolats considered in detail for this programme are described in section 3.4. The
mmmmmmmmmdmmmdmﬁummu

3.1 Ntbdum

) MW«&M”MMMMM%MW&MMmmW
wn?mﬂbnumm&mm-“um-muommmmm
Antonic md is shows in Fig 1. The most strilking feature of the specionen is the offset fastenet hole resulting in different stress
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: dehmMWmMMdNMWhthm
duﬁnmmddhm one previcasly used by AGARD isi whe critically loaded hole techuology
: i owe dev :mmmhwupm vaxjdmhmyu-ler
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. grudicaty on elthet side of e hole. This ropresents the ond fastoner in & row where the stress gradient is asymmetric. The
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Memmunuoﬂ.’l‘mdSBonchGARDmmmdehmmsM)hmmuuchdh

- mmmmsssofmw NWMWWMMbNmWWOI 00.25.
3.3 Figh load transfor spacinsens

mmmammmwmwmmmwhummmm

containing between two and sixteen fasteners. Complex joints with multiple fastener rows and multipic fasteners in each row

were rejected for . se reasons described in section 2.1, namely that the important requirement for a standard joint is its ability to

rate fastencr systems and it was considered thiat a simple two fastener joint was adequate for this purpose. A Joad transfer of 30

— 50% in the test section is the main requirement. The sclection was thus based on simplicity and cost. Test data on the UK

mmmms.wmmmummymm.:mmfammmmnnmmdm
mnlfetmu. S

34 Spmudp-uumm

: Pmmdmmmwﬂymmmcmudadbtmuwmmmh
including test data on the fourth is for comparison, since there is listic data available on joints which meet the LT and S8
of thiis programme. The Swedish X” joint shown in Fig 4 is the joint which was considered unsuitablc as 2

requirements
- standard. The joint contains 16 fastencrs and has very high lateral stress gradients both of which are undesirable features in a

standard joint. It was used in the AGARD Fatigue Rated Fastener System’ (FRFS) programme and the results presented here
‘were obtained as part of that programme. Fig S shows the commonly used 1 1/2 dogbone specimen which was also tested as
part of the FRFS programmie by the Netherlands and USA. Fig 6 shows the UK Q-joint which is a modified version of the joint

* used in the FRFS programme hiving 1/4” diameter fasteners in the controlling section. Fig 7 shows the detailed design of the

Swedish U-joint which was not tested in the FRFS This joint is a derivative of the X-joint used in the FRFS

programme.
programme and was specifically designed for this investigation. It is essentially a single column X-joint but with a U-channel
splieeplmmudoftheﬂnphwuedmmeX—pmcumnmnTwomdfwtoduanmuhvebemuudmssfuny

' Amdnput,buﬂhsutheﬁmmtoftkmdeeolmm

3.5 Specimen requirements :
Jmm?mld&m&emmhmmm:wmmamlo T7651 material. Joints in Part 2 were

"mmvoso-womumunmm-m“emmmmmmwmm

and mechanical propeérties of both materials are given in Table 2. Holes were produced by the general procedure:-pilot drill,
drill, ream, cold-work, ream, deburr, measure hole diameter, countersink. Variations to this procedure for individual fastener
systems are given in sections 4.1 t0 4.4. Anspeclmemmmauembledmgm-wnforhnlspecmensandm-usl-
Gforl’mhpecms.

4. FASTENER SYSTEMS

In order to assess whether the joints described in the last section rate fastener systems in the same way, they must be tested
with a range of fastener systenis. Fatigue resistant fastener systems rely on one, or a combination of two or three mechanisms.
These are clamping, interference fit and cold-working. The fastener systems chosen to assess the joints must therefore covera
range of combinations of these parameters which are typically used in practice. Accordingly four cases were chosen for each
part of the exercise which cover this range. The four cases are described below and are based on the systems used in the FRFS
programime. Systems 1A and 2A are identical to FRFS-A and systems 1B and 2B are identical to FRFS-B. Systems 1C and 2C
are similar to FRFS-C, which specified an interference fit of 90 + lOnn.

Part'1 - No or low secondary bending:

COLD-WORKED - = FASTENER FIT
1A NO HILOK = Clearance
. . . ] 20410 pm
1B ' YES HIFLOK Interference
o o ‘ , 252 10pm
K TN HITIGUE  Intesforence
S . : : , 110£10pm
1D YES m-m Inserference
- 120+ 10 pm

hM“thnﬂmm“Mhuﬁm-ﬂthm

. t.mu-cwmummummmm mmmmm-
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, COLD-WORKED  ~ FASTENER  FIT
C2A .7 NO HI-LOK - Clearance
: . . 20+ 10pm
2B - YES . . HIFLOK _ Interference
o 251 10 gm
2¢ .- .NO = HI-TIGUE = Iiterference
: : _ ‘ . 70+ 10pm
2D YES " HETIGUE Interference -

70+ 10 pm

Todedmueﬁmmmmudmmwwmnmmmmmtm“mmm
1. The four fistener systems chosen for conditions 2A to 2D were HI-LOK, HI-LOK in BOEING CX cold-worked hole, HI-
'l'lGUE.ldl-ll-ﬂGUEmBOElNGO(cold—wotkedhole.

Dﬂﬁkdachhwmsymandhobptepanﬁmmdmﬁbedmm4 11044, Skuchuoﬁhemsym :

are shown in Fig 8.

41 Hl-lDllnﬂhhole(lAﬂlA)

mm—wxﬁsmmmwdmhhdammmmmﬁunuwﬂabbmmmlmmnmvmha
variety of coatings. HI-LOKS used in this investigation were steel, 6.35mm dia. pins installed with a light clearance fit and

‘ mmmwwmux-mwmmmmmmmmmmz
" 42 HIFLOK ia cold-worked hole (1B and 2B).

mmccstmmmmmmmmmmuy A mandrel is inserted through

the fastener hole and a split sleeve passed over the mandrel, into the fastener hole. The mandrel is then pulled through the

sleeve using & compressed air powered. puller. The sleeve is-discarded sad the hole reamed to size. Specimens arc then
MMWWWW-WM(-mMm4l)umenmledwnhlhdumwfaenceﬁlmd
usmﬂaledwithuhen—omypeoolhr or K-fast nut.

. mcoldwmﬁngmanieduanTLWwdmmthes-o-Nlpeaﬁmfahnl(thenootlow
wmmuymmm&&nmmmmz(mmmmmm
4.3 m-ncuzuu:-muc-amummumwam

Them-ﬂGUEhnmuuminmmeeﬁtm mﬁnhumﬁomlmmdhpmmm
hole, tnit hias 2 small lubricated bead at the threaded end which expands the hole as it is assembled, allowing the parallel pin to
bedmmwmmmhmmnmpﬁmumwummammmmm
nut assembled and torque tightened t0 10.2 — 11.3Nm.

. mholem:uqmmdhﬁnﬁehdaaibedinm4mpmmd in Table 3. For the case of HI-TIGUE in

cold-worked hole (2D), cold expansion was carried out wing F.T.1. standard tooling to the 8-0-N speicfication using a common

mandrel supplied by FOKKER (Q-joints snd 1 1/2 dogbone only). A final resmer was also supplied by FOKKER to give the
teqlﬁredﬂuhlheo-joinuandl 1/2wmmmpi.mmmmmummmz

44 HUCKEXL(ID)

mmmmamwuwmmnmmmmmmmm
cold working the hole as it is drawh throughi, the second part being a parstiel sided pin which when instalied produces an
interference fit. A collar is placed over the interference it pin and swaged into locking grooves, whilst the cold-working part is

_ mmmmnmmuwmmmmummm.wmm

mmmaumum-nwhmz umummmmwumm-n
hiMMhhnMWMM%MthMM.W@m)

ummdﬂmwnmmumurmmm Five fatigue toots
per condition wers Mauﬂdmmhﬂﬂb“d&mh?mlumuﬁhmmm
1 sootions 5.1 aad S2 respectively.

58 hnhmiﬂqnm

‘Tihe fatigue tosts ware carried out st two sites; the luuuhm tosted at CEAT, Francs, and the low
ond high boud trasnfer mﬂum:nqnw Tmmbhhmulm

- by Cloveland Gunst, awummmma—mm--mu:m«
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. the netacction for the peak FALSTAFF level. The high tosd transder specimens were testod at 250MPa and 37SMPs, the tie at
“Tests were carried out using servo-hydraulic fatigue machines, these were:-
UK _-,Miya 100kN capacity. ' '
France — CEAT 100kN capacity. . S :
Testing o the UK machines was casried out at s mean cyclic frequency of 1 1Hz which gives a frequenicy of 1.8Hz for the
maximum load excursion. Testing on the French machines was carried out at a mean cyclic frequency of 12Hz, giving &

52 Highsecoutuybentiagiontprognmme A |

As described carlier, the information required from the test programme is twofold; the load transfer and secondary
bending characteristics of the joints and the fatigue endurances. A numbes of specimens were strain gauged and measuremonts
o(Ldes_BmademingﬂnptocedmducﬁbedinAm&'

_ The fatigue test stress levels variod from joint to joint, depending on the amount of socondary bending, The proposed two
stress levels are defined as those levels which produced fatigue endurances of 5000 and 15000 FALSTAFF flights with the
datum (clearance fit HI-LOK) fastener installed. These. stress Jevels were not universally used in the programme. The net
ncﬁmMmmm.MM'MMWmeMMwwwﬁm“imw-

Net section Gross sectin
UK—Qjoint ' 280MPasnd 350MPa - 210MPaand 263MPa
NL/I~1 1/2 dogbone " '26MPAand33SMPa  200MPaand 250 PMa
S—X joints _ 200MPa and 267MPs 150MPs and 200 MPa

-8~—U joint < - 276MPaand 345MPa 200MPs and 250 MPa
¢ RESULTS AND DISCUSSIONS N

The results and discussions of the two parts of the programme are presented in this section. The no or low secondary
Mhmdumhwhmc.luummmmmmu

6.1 Resuits snd diacussions of the no or low secondary bending tests

. mwmmmhmmwmﬂH‘lllmdvundu'joinumdvenianﬂaﬂSand6r=pectivety.
The relative lifle improvements over the detwm system (HI-LOK fastener in a clearance fit hole) are given in Table 7. The life
wmnwuuummmhuummhmmmdmm
with the testisig of the no Joad transfer joint, these results are discussed separately. Section 6.1.1 discusses the results of the low
and high load transfer joints, and section 6.1.2 the no load transfer joint.

6.1.1 Low and high load transfer joinis .

As discussed carlierin section 2.1, the joints have to be assessed i terms of life improvement factors. As can be seen from
frau-7.avdummmmdmu.mw~mmmmwmuw
higher ot the higher stress lovel, maskedly 50 for the HUCK and HI-TIGUE fasteners. This is perhaps to be expected with
inserference ft fastancrs, the magnitude of any benoficial compressive residual stress being controlicd by the peak of the
WMMhmwmmumdMMthwumm
The ranking of the fastomer systoms is conaisioat for the two joints considered and is summarised below:-

Life improvement ratios, based on log mean lives:
: ‘123456789 1011 12

' : uj ]
* HHLOK FASTENER SYSTEM
- g 3
o c.w.
K EXL C.W.

mm*hdh'ﬁnbmumm-nmmmmmdm
speciaes type srs within 9% of sach other wisder idomicsl test conditions. ft was soted however subsequent to testing that the
Jow Sond tramuder jolets luvd by aseembled and sested with titanium fasteners instoad of steel. The sest data are plotsed in Figs 9
dwuhummmm&mdhﬁmhhmmuuw
sotion cos log meam basl Js w0t sonsidered sullicient, as it ey give a false improssion of expected life improvements. The effect
of sentter on Iis Improvement ratics Is therelore discussed in Asoex 4. The effect of fastener type on fatigue ctack origins must
u::uu-nmumummhms.mmmumuumdm
type in fhe same sanex.

NI
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612 Mo land sngr foins

The ne lund sansler jeints showsd scratches and surface doats received in transit from the UK to the testing laboratories
in Peanes. Thevs damsaged avens groved te be the initistion sites in over one third of the specimens. Of the remaining specimens,
ane bl of th follures inisianed in the test section and one half initinted in the doghone radius. The fatigue tost results are given
in Tabls 4, from which & sumber of shoorvations can be sade. Failures from the dogbone radius are independent of the
Sovtones systom invtnlied and hence the fatigne lives are sleo indepondent. Failures st the high stress level initiating from surface
ssratehes geaducs futigne ives lower than thoes falling from the doghone radius. This is ot the case at the lower stress level. In
viow of G fuct thet ens thivd of the specimens falled foor= no apparens defoct in the dogbone radius it must be concluded that
s speviman is net sultuids for festensr evaluation. The stroas concentrating cffect of the hole is readily overcome by fatigue
vosiutens fostener systams. Fatigue falleres thoreliore acour of an alicrastive site of stress concentration. A general conclusion
con thosefass be deown, Gt & stovss concentsation groster than that of an open hole is roquired in a standard joint for fastener
ovaluation. The grester soncenteution cas be simply achicved by weing a joint in which somc load is transferred by the fastener
systam. Other designs of ne land wwaisefer joint have boon succoasfully weed for Eastener evaluation(2) but have not been tested
with such extvomes of intssisvencs it and cold-working.

63 Bosults and Giacunsion of s kigh sscandary bending tosts

A changs in design of the UK Q-jeint hes mesnt that the icst results have been obtained on two different designs of joint.
As sssssmant of the impertance of this changs is made in Annex t The results of the LT and SB measurements on each joint
sec discussed in soction 6.2.1. The fasigee et results are Sscussed in section 6.2.2.

6.21 Lound vansfer sl socondary bending reswles

The rosuls of the load tsansfer and secondary bemding measurements on cach of the joints arc presented and assessed in
this soction. The rosulin of the Qjeint. 1 1/2 doghone, U-joint and X-joint arc presented in subsections a, b, ¢ and d
reapactively. Roth the LT and S8 monsisrements vary 10 some degree with applied load. The valucs of SB at the peak applied
load is imporeant in determining if rosidusi stresses are formed (or existing residual stress fields are modified) and if so their
resvhting magnitude sreund the fastonor holes. This hes & significant offect upon the damage done by the ensuing load cycles.
Most fatigue damage howevor is dane by the rolatively lower load cycics, typically the maximum damage occurring at a stress
range of sbewt 1/3 of the lovel 32 pesk strows. The SB values st the damaging 1/3rd pesk stress level arc also calculaved as a % of
h"“lﬁ”lﬂ.wi“'*htmhﬂiuﬂkI/SMrmosmummepeakSBEOSandtheSBat
1/3d FALSTAFF pesk lond is 0.4.

8) Q-joist mossurements

Mossurements hove been made on both variants of the OQ-joint (3/16" and 1/4” fasteners in the controlling section) with
HI-LOK fastoners installed in plain and cold worked holes. The results are presented in Tables 8 and 9 for the 1/4” and
3/16" instonors seapectively. Mossurcmonts of LT and SB with HI- TIGUE fastencrs installed in plain and cold worked
holes ave prosonted in Toble 10. A comparison af the results with dificrent dismeters of HI-LOK fasteners is made in
Annem 6.

ﬂwdudﬁ&humﬁcﬂw&q“mnﬁmﬂylﬂmﬂnmnnobutdoesaﬁect the LT.
The alloct of fastenes fis however is quite marked. Comparing Tables 9 and 10, it can be seen that high interference fit
fastenees (2C and 2D preduce lower LT and SB values in the test section than the light clearance/light interference fit
fomenees (1A and 25). This variation in values however is quite small compared with other fastener-dominated joints (e.g.
1 1/2 daghons) The Q-juint is thorelove classod us a fustoner-dominsted joint, but with & low fastener dominance. A
summary of thass monssraments is prosenied in Fig 1 1.

The efioct of applied lond Sevel on the LT 30d 3B values is sisnilar with anry of the fastener systems installed, the 1/3rd load
ratio being betwesn 63 — 73% for the four fastence systems.

5 1 1/2 daghen: metsusements

Monsusemnants have beon made on the 1 1/2 doghone apecimen with HE-LOK snd HI-TIGUE fasteners installed in plain
and cold washed heles. The resulte sre presemted in Tabics | 1 and 12 respectively. Values of load transfer vary little with
*wuduﬁ.Iﬂl‘r&udpﬂmhﬁmoﬂyﬁmﬂ%mﬂ%fwmﬂo«r

LY inceenning with fastaner interfersnce. The secondary bending ratio however varies both with applied
u- L. The varistion of sscendary bending with applicd load shows a reversal of the bending direction with
Soth the HE-LOK fastener intaliations (2A and 28). 1a the HI-LOK in a piain hole case, the rate of change of SB ratio with
apylied load is quite ootreme. With HI-TIGUE fastemers installed, however, very little variation of secondary bending
with applied lead is found, the 1/30d lond ratio buing abowt 0% for both plain snd cold worked holes. Comparing the SB
retios fur the four fastensy instalistions shows s large depeaxience on the fastcner system. The 1 1/2 dogbone specimen is
m“-.uwmAmdhwnpeﬁFMTAFﬂoudupmud

)  U-joint monsurerants

The sesulte of secundary bending Sasurements oa the U-joint with HI-LOK and HI-TIGUE fasteners in plain holes arc
ghven in Tubls 13. Lond Sunsier mensnrements wese made on this specianen but evaluation of the results was not realistic
with oo fow stoain gaugen; e LT was assnseed 1o be 30 — $9%. The 3B measurements were made with and without mid-
&“A“‘-nh-*nmmmumuﬁQMﬁMum
*dﬂ* and 0.4 with support was mesvured with HI-LOK fasteners installed and 0.26 and
fastonsrs invialled. 3B valuss vary littic with applied lowd, the 1/3rd load ratio varying
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between 82% and 100°% for the four cases. The variation of SB values with fastener fit is similar to that found in the Q-
%&?ﬂmu&vﬂmmﬂnvmtmwmuu%mlG%eompamdw&hnn&mde
joint.

d) X-joint messyrements

Mwumnudsnhwebemmdemthsmmmamm”mmmmdum
measurements give values between 0.4 and 0.8 (depending oa location) at the peak applied load. The average value across
the test section is 0.6 1. Load transfer measurements were not evaluated as too few strain gauges were used to give realistic

" 6.2.2 Fatigue test results

mhnpnlestmdumpmenwdm'l‘ablu 14 to 17 for the Q-joint, 1 l/2dogbone,x-,amndu-)oimmpemvdy
and discussed in sections a) to d) respectively.

2)  Q-joint endurances v
Fatiguc testing of the Q-joint, as discussed earlier, has been performed with two variants, one with 3/16° diameter and
one with 1/4" diameter fasteners in the controlling section. The HI-LOK fasteners in plain and cold worked holes (2A and

m)mwmmmmmmmmmmmm-muaamummmmw
holes (2C and 2D) were tested with the larger fasteners in the coatrolling section.

Comparing first the results for HI-LOK fasteners in plain and cold-worked holes (sce Table 14), the expected benefit
produced by cold-working alone is offset by the relatively high secondary bending in the joint. The resultant stresses at the
interface of the joint were some 40% higher than the axial stresses applied. The high stress levels in the FALSTAFF
wmmﬁpmmwm«mmwwummm

In contrast, however, the interference fit HI- nGUEhstenenpmvdemMaablemprwminﬁmpufom
‘The reason for this benefit is threefold. Firstly the fretting damage is considerably reduced due to the lower relative slip
caused by the interference fit. Secondly a compressive beneficial residual stress is formed by the application of the highest
lcad in the FALSTAFF sequence. The sécondary bending causes the surface stress at the joint inferface to be 40% higher
than the axially applied stress. Thus a large compressive residual stress is formed at the interface on unloading. Thirdly the
stress concentration factor is considerably reduced by the high interference, thus reducing the damaging effect of
subsequent alternating loading . The combination of these three effects causes a considerable increase in the fatigue
endurance. The combination of an interference fit fastener and a cold worked hole appears to give an even greater
enhancement in fatigue endurance. This enhancement however does change the failure mode of the joint. Three of the
specimens tested with HI-TIGUE fasteners in cold worked holes, failed away from the test section, one at the edge of the
gripped area, one at the controlling section, and one at the end of the lap plate. All of the remaining specimens with cold
work and interference fit had at least one crack initiating due to fretting in the test section, but not from the fastener holes.
It must be concluded that the limit of life enhancement of this joint is being approached as failure is beginning to occur
remote from the fasteners. Howcvem:e;ommcomlderedtobecapableofmhngmostfastenersyslemunderoondlm
of high secondary bending.

b) 11/2 doghone endurances

Testing of the 1 1/2 dogbone specimen has been undertaken at two sites. Testing with HI-LOK fasteners instalied in plain
and cold worked holes (2A and 2B) was undertaken at NLR as part of the FRFS programme. Testing with HI-TIGUE
fasteners installed in plain and cold worked holes (2C and 2D) was undertaken at the University of Pisa. In view of the
possibility of high secondary bending stresses occuring in this specimen, it was required that the testing was performed
using fatigue test machines of a similar stiffness at both sites. To ensure that a change in test machine did not affect fatigue
lives, 3 number of check tests were undertaken at the University of Pisa. These results are presented in Table 15, along
wiﬂuheoﬂerhﬁgnmremluofﬂnl 1/2 dogbone specimen.

mmpﬁbmummmmammmwxmmumdmnmmmm
consistent data was produced at both sites. The 1 1/2 dogbone specimen is a fastener-dominated joint, so that the amount
dmmhwmmwﬁnmmmmmmwwnmm
joint mMﬁmmMMmmcmmm\(ZA)mmﬂmmemum
field by the cold working process is offset by the detrimental inctease in local surface stress. As a consequence
there is no increase in fatigue endurance over the datum system using cold-working and light interference fit. The data on
joints with HI- TIGUE fasteners in plain holes (2C) shows that no improvement in fatigue endurance is achieved with the
use of interference fit fasteners. The results of the fatigue tests with HI-TIGUE fasteners installed in cold-worked holes
(2D) also show no life improvement over the datum HI-LOK system, Both of these observations are attributed to the
mmmmamm:mwmmmsnmmmmmmm
increased t0 & peak value of 0.45 compared with 0.22 for light interference cold-worked holes and lcas than 0.1 for
clearance fit holes. In fact, the increased SB ratio for the HI-TIGUE fastener in a plain hole causes a reduction in
fatigue life compered with the datum HI-LOK system. Cold working of the hole before of a HI-TIGUE
fastener (2D), however, causes an increase in fatigue life over the HI-TIGUE in a plain hole (2C). This increase only
brings the fatigue life of the HI-TIGUE fastener in a cold worked hole back to that of the datum system. It is considered
that from these results, the 1 1/2 dogbone specimen is not suitable for the evaluation of fatigue resistant fastener systems.
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TABLE 1
PARTICIPANTS IN THE STANDARD SPRCIMENS PROGRAMME

Country Participants

Prance Centre D'essais Aeronautique I P A Liberge
de Toulouse - CEAT - )
Italy ' University of Pisa . G Cavallini
The Netherlands National Aerospace H H van der Linden
: - Laboratory -RLR
Sweden Saab-Scania . . L Jarfall
Sweden : Flygtekniska Forsoksanstalten B Palmberg
, © <« FRA o
United Kinglom  Royal Aircraft Establishment R Cook
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TABLE 2
A. TYPICAL CHENICAL COMPOSITION AND MECHANICAL PROPERTIES
} oF 7010-77651
CUENICAL COMPOSITION - UNCLAD
ce [ng |88 | 7o | ]l m |20 ) o] 8a ] ] 2] o
swnf1sfa2| -} [-] -]s2]-]-1]- Jou]-
s max [2.0 2701|015 ]0.3]0.08]67]0.05]0.05]0.08]0.17]0.08
Resainder Al
MECHANICAL PROPERTIES ~ NININON REQUIRENENTS - L DIRECTION
] 1 ; ‘Tensile strength . 530 Wa
: 3 :

0.2% Proof Stress 430 NPa

! i S " Rlengation % s
: : m.1mso-

B.  TYPICAL CHEMICAL COMPOSITION AND MECHANICAL PROPERTIES OF 7050-T76
CHENICAL COMPOSITION - UNCLAD ‘ v

: ' ci |mg | st lre|lm | za || 2] e

‘ : - . ' %Min | 200 |19 - | - - 5.70:| - 0.08 | -

% Nax - 2.60 | 2.6 0.12 | 0.15 1 0.10 | 6.70 | 0.08 | 0.15 ] 0.04

Remainder AL

‘ MECRANICAL PROPERTIES - L DIRECTION
i . . ' Min Nax

Tensile strength ~ 573 - 502

(Pa) -

'0.2% Proof stress 521 582

{MPa) .

Elongation & 12 - 12.%

Gauge length 50 mm

LaEm

R e I e . e —— RS




.......,

e gy T — =
n ;
TABLE 3
g " HNole Dia . Mole Dis -
(hemed) DS (reer ow) Renerte
1A Hi-lok in 6.3 0.8 - Torque tighten
, Plain Mole 6.37 10.06 t0 6.8 - 9.1 Wn
20 Mi-bok in .58 .96 - Record Valus st
Plain Mole 6.37 10.08 which ocellar
3 15 Mi-lok in .97 998 e Torque tighten
29 Mi-lok in s.n T 9.98 6.3 Bocare valus st
C¥ Nele ‘8.79 10,08 T 8% which ocollar shears
1C & 2C Hi-Tigwe = 6.21 008 - Terque tighten to
in Plain Hole - 6.28 0.9 . 0.2 - 11.3 W
1D Muck EXI. 6.048 Produced by Wuck Mstematic clasping
6.17 Installation Tools b Swaging Celler
2D Mi-Tigue in 8.97 9.83  Using Reamer Terque tightem te
OV Mole .04 293  swplied 10.2 - 1.3 W
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TANLE &
FATIGUE LIVES OF NO LOAD TRANSFER SPECIMENS

FASTENER SYSTEN
1A NMI-LOK IN 23032
) | (5% | (aS) | 5]
1B HI-L0K IN 77632 37978 9232 16482 3730
COLD WORKED 129281 94328 14128 22380
noLS , 8831 17344
2173 19432 963680 109350 | 6710 | 24222
1C NI-TIOUR IN 74252 | 298%
PLAIN HOLE 8032 31200
. 62113 20240. 28373 19190 65648 26631
46330 22032 61373
1D WUCK KXL IN . 88200 21730
COLD WORKED MOLE
(3818 )

T T LT T T " T e e T o = T TmIL L v .
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TABLE 5
unu LIVES OF LOW m m sncnu
o » LIGHTS 70 FAILURE AND
FASTEMER SYSTEN LJ- BAN | VALUES AT
: gD T SECTION S STRESS
15372 8031
14329 7772
1A NI-1OK IN 20172 - 8424
PLAIN WOLE 22680 9239
. 16872 8872
o proen 18759
1
1B MI-LOK IN , ml‘.“; °,=:””
e . %o 83591
ez | (@)
-
" 1C MI-TIGUE IN :‘3;’;2’ :g:: ‘
PLATH """, - a172 21572
74772 23372
115021 66231
- 97031 33431
79972 47943
1D WCK EXL IN 69611
’ ]
’
i
{
A
i
: i
N
S e s i — L
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TABLE &

)
| FATIGUE LIVES OF HIGH LOAD TRANSFER SPECIMEN
! e Q "
§ )
) { FALSTAFF FLIGHTS TO FAILURE AND
i ! ceanen | (3 EAN] VALUES AT
i o FASTENER SYSTEN PEAX APPLIED NET SECTION STRESS
| ¢
| ‘ 280 Wa 7S WPa | 350 WPa
37898 7572
, 23172 4031
[ 1A m-LoKk 1N 30839 3859
! ‘| PLAIN HOLE 3492¢ 3431
v : 14821 2959 :
51172 . 31759
1B HI-LOK IN - 76759 34525
COLD WORKED 224420 27772
HOLE 168196 ‘ 273%9 ‘
[aces0
_ 66624 34224
1C HI-TIGUE IN a9 ket
PLAIN HOLE
123227 12972
41024 20924 :
[ses10) | [233ea’ (28786 ]
21171 87511
‘ 155031 58880
1D HUCK EXL IN 155172 55172
COLD WORKED MOLE 96996 59929 .
146572 52972 -
.
N\

* Estimated figure sssuming that a log-log S-} curve is linear
in this region.

N
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, - . R TABLE" 7
FATIGUE LIFE IMPROVEMENT FACTORS
i
PASTEMRR 3% SRR B LLr  HLT
f : : . 280 MPa | 350 WPa | 280 MPa | 350 WPa | 280 MPa | 350 WPa
. fi7se0 Fz57 | EeeTs | E3ad
1A HI-LOK IM
PLAIN HOLE 1 1 1 1 1 1
3
g :u"“ "f ] fio62573 | @eie foe3ed | aoesa
6.05 6.36 | 3.9 6.41
1C HI-TIGUR B5io8 | 2o3ed Besig | 28788
IN PLAIN , ‘
HoLE 3.14 2.81 2.10 | 4.s4
1D HUCK EXL : : B2137) | Rassed | fEos7
IN COLD :
| WORKED HOLE. | ' : 5.48 7.18 5.53 11.99
Id
.
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TABLE 8
LT AND SB nasummms - @=JOINT (X" DJA) HI-LOK
SPECIMEN TYPE: Q-JOINT WITH X" ISIA HI-LOK FASTENERS
System 24 Plain hole - clesrance fit .
Systen 28 Cold worked hole - light interference fit
MAX LOAD (kN): 67
WIN LOAD (kN): =20.5
o S 2A _ 2
% of the max load in L :
FALSTAPF - j !
;| LT % | SBratio | LT % . SB ratio ' i
0 0 - (o) (] i
16.7 22.3 - 39.4 .131 ;
33.3 - 28.3 - 44,7 .321 !
50 32.3 - 46.7 .457 !
66.7 35.2 - ' 48.6 .495 !
63.3 36.2 - 49.7 .498
100 37.6 - 50.3 .+ 494
" 83.3 38.9 - 51.2 473
66.7 40.0 - 51.7 .450
50 40.5 - 52,1 .417
33.3 3906 - 52.6 .3‘1
16.7 30.3 - 54.3 .218
B ¢ 0 - 0 0
Minisum load 21.9 - 44.4 «236
o [s) 0 0
[}
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i‘ - _ S TABLE 9

LT AND SB MEASUREMENTS ~ Q-JOINT (3/1‘6" DIA) HI-LOK

SPECIMEN TYPE: ‘Q—JOIﬁfUITI'I 3/16" DIA HI-LOK FASTENERS

System 2A Plain hole - clearance fit
System 28 Cold worked hole ~ light interference fit -

MAX LOAD. (kN): ' 67

MIN LOAD (kN): =20.5

, R » . 2A ' 28
% of the max load in o
FALSTAFF ~ |urs | sB ratio { LT % | SB ratio
0 0 o 0
. 16.7 30.4 .192 28.0 .264
33.3 36.1 .31 | 37.s .297
50 41.3 .35 42.3 .353
66,7 44.3 .376 44.9 .393
: 83.3 46.4 .405 47.3 .422
{ 100 49.6 .443 48.7 .441
i 83.3 51.3 .406 49.8 .402
66.7 52.5 .348 50.3 .352
50 ‘| 54.5 .318 51.3 .302
33.3 56.8 .309 53.3 .270
16.7 65.3 .336 59.3 .419
o : 0 0 o
Minimum loa 48.3 .418 52.0 {  .290
0 o ) 0 ‘ o
-
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TABLE 11
LT AND SB MEASUREMENTS 1% DOGBONE, HI-LOK

SPECIMEN TYPE: 1% DOGBONE WITH X" DIA HI-LOK FASTENERS

System 2A Plain hole - clesrsnce fit
System 2B Cold worked hole - light interference fit

MAX LOAD (kN): 60.5

MIN LOAD (kN): -16.2

% of the max load in 24 2
FALSTAFF
LT % | SB ratio | LT ¥ | SB ratio

0 o] [o] (o] (o]
16.7 25.9 0.041 22.0 | -0.086
33.3 24.7 0.018 | 22.1 0.031
50 23.8 0.027 22.1 0.142
66.7 24.6 =0.005 22.2 0.187
'83.3 25.1 | -0.055 23.0 0.210
. 100 25.7 | -0.095 23.8 0.223
v 83.3 25.5 | -0.058 23.3 | o.211
3 66.7 24.3 | -0.028 22.9 0.180
: 50 23.1 0.001 23.1 0.140
33.3 22. 0.026 23.6 0.060
16.7 20.9 0.026 24.9 | -0.023

0 0 0 0 0
1 Minimum load 12.7 0.054 19.5 ~0.055

(] (o} 0 (o] 0
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TABLE 12

LT AND SB MEASUREMENTS - 1% DOGBONE, HI-TIGUE

SPECIMEN TYPE: 1% DOGBONE WITH X" DIA HI-TIGUE FASTENERS

System 2C Plain hole - high interference fit
System 2D Cold worked hole - high interference fit

MAX LOAD (kN): 60.5

MIN LOAD (kN): -16.2

2C 2
% of the max load in
FALSTAFF LT% SB .atio LT% SB ratio

o] ) ) [s) 4] o]
16.7 28.8 0.265 30.5 0.425
33.3 28.3 0.424 31.0 0.455

50 27.8 0.504 31.8 0.483
66.7 27.7 0.502 31.5 0.517
83.3 27.7 0.477 31.4 0.506

100 27.8 0.455 31.4 0.481
83.3 27.5 0.412 31.1 0.45%
66.7 27.7 0.387 30.9 0.429

50 27.8 0.352 30.8 0.394

33.3 27.3 0.266 30.4 0.310
16.7 26.3 0.060 29.2 0.136

0 0 0 0
Minimum load 24.0 0.111 27.2 0.311
0 0 0 4] [v]

- T
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TABLE 13 «
8B MEASURRMENTS U~JOINT, HI-LOK AND HI-TIGUE

SPECINEN TYPE: U-JOINT WITH X INCH DIA FASTENERS

SYSTER 2A HI-LOK IN PLAIN HOLE
SYSTEN 2C HI-TIGUE IN PLAIN HOLE

{a) NO SIDE SUPPORT AND (b) NID SIDE SUPPORT

System 2A ~ System 2c
% of the max load Type (a) Type (b) Type (a) ‘Type (b)
in FALSTAFY SB ratio 8B ratio 8B ratio SB ratio
0. 0 0 0 o
16.7 " 0.360 | o.a88 0.260 0.305
33.3 0.305 0.455 0.2% 0.300
%0 0.305 | o.aas 0.270 0.320
6.7 0.295 | o.a20 0.270 0.328
83.3 ' 0.290 0.400 0.255 0.305
100 - 0.300 | 0.395 0.260 ' 0.338
83.3 ' 0.295 0.380 0.2% 0.310
66.7 o.255 | 0.3 0.238 0.300
50 0.25%0 0.338 0.265 0.285%
33.3 0.248 0.310 0.260 0.27%
16.7 0.335 0.375 | o0.30 0.328
0 0 0 o o
Hinimum load o | ° © 0.140 0.13%
° ° o 0 0

Atur 10,000 cycles
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TABLE 14

FATIGUE LIVES OF Q-JOINTS

FALSTAFF Flights to Failure and
Values at Peak
Applied Net Section Stress

Fastener System
' 280 MPa 350 MPa
_ 12128 3925
22 W10k T 14431 2929
. 12160 3444
PLAIN HOLE 13831 33
14031
520
9631 3801
2B HI-LOK IN 12424 3172
COLD WORKED MOLE 12329 3624
16224 5323
17631
EQOS l
18530 " 21730
2C HI-TIGUE IN 78032 15825
AN HOLE 25225 13573
30860 16385
B2573 11173
. 8232
25573 36981
2D HI-TIGUR IN 77330 32695
COLD VORKED 45632 16840¢
LS 91225 11159
111393* 7997

® FAILURE AWAY FROM TEST SECTION -
RESULT NOT INCLUDED IN

LOG MEAN VALUE

?
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TABLE 15

FATIGUE LIVES OF 1% DOGBONE SPECIMENS

FASTENER SYSTEM

FALSTAFF Flights to Failure and

Il._T‘ Mean . Values at Peak
Applied Net Section Stress

268 MPa

335 NPa
, 18411 9559
60372¢ 15419
el 56972 23373
, 63831 " 22231
[aa893 16635

29572 13524
40431+ 14231

58231 17962+
oam:xm-ml 35759+ 10172
HOLE (o723 f60ag

30764 9983

36572 16734

2C HI-TIGUE IN 14062+
PLAIN HOLE 11790
- - [2899

' -37146 19007 *

= 42640* 17308+«
2D HI-TIGUR 1IN 28265* 14946
_COLD WORKED (9280 14564+
HoLE : fis3sq
n”.mn’m“.‘ I 11165
CONPATIBILITY 13826
TESTS AY PISA 19955

*FAILURES INITIATING AWAY FROM TEST SEZTION

e

————



TABLZ 16

FATIGUE LIVES OF X-JOINTS

FALSTAFF Flights to Failure and
» Values at Peak
_ ’ Applied Net Section Stress
FASTENER SYSTEM '
200 WPa 267 lng
13860* 5329
2A HI-LOK 16972 5590
PLAIN HOLE 13180 6280
13772 5425
az772" 10929
?mf% 20224° 11972
~ 35631° 11372
HOLE 27630* 6172
' [o789
® SPLICE PLATE FAILURE

25
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TABLE 17

.FATIGUE LIVES OF U~JOINTS

FASTENER SYSTEN.

FALSTAFF Flights to Failure and
‘ Values at Peak
Applied Net Section Stress

276 Wa 345 WP

24 RI-LOK IN 7831 sssee

PLAIN MOLE 19311¢ 5729

. 10631°¢ T 5431

23631 : &
3061

28 NI-LOK IN

COLD WORKED

HoLE

2C MI-TIGUE IN f“"?: : im‘?

PLAIN MOLR 7834 3520
16031* 13969

" 19572%

2D HI-TIGUR

IN COLD WORKED

HOLE

* SPLICE PLATE FAILURE (7078-76)
** SPLICE PLATE MADE FRON 7010 - T73651 (base plate failure)
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Fig 3 High load transter joint
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ANNEX 1
FASTENER FITS

A I“hduuhmmmt

hmwmamdmﬁnmwmmmmmmmm.mmm
with cold working. The four ranges chosen were:-

. 1A clearance 20+ 10 ym

" 1B interference 25 + 10 ym (with cold work)
1C  interference 110 10 pm .

1D intetference 120 1 10 um (with cold work)

In order to check these fits, both hole and fastener diameters were measured. The fasteners used were ali from a common
batch and the diameter variation was very low. The specimens were produced by the same manufacturer and the
tolerances on hole diameter were found to be good, with the exception of systom ItheretheholewproMbya
speudwolnespeaﬁedmdmedﬁnmmbdowformefwrﬁﬂmetsynm

1A Range specified . +10+30 um
Hole diameter range 6.363 — 6.368 mm
Fastener diameter range ) 6.325 —6.337 mm
Measured fit range +26+43 pm
1B . Rangespecified . =15~ 35um
- Holediameter range 6.312—6.317 mm
Fastener diameter range 6.325 —6.337 min
Measured fit range —8—25 um
1c Range specified ~100 — 120 pm
Hole diameter range 6.218 —6.223 mm
Fastener diameter range _ 6.325 —~6.337 mm
Measured fit range =102 — 119 ym
1D Range specified -110—130 gm
Hole diameter range 6.198 — 6.248 mm
. Fastener diameter range © 6.338—6.348 mm
Measured fit range " —90—150 pm

B Fmﬂudﬁﬂmmm
lnordenocovennngeofﬁstmerﬁtscommonlyusedmpmcuoe. four ranges were chosen, two in combination with

cold working. The four ranges chosen were:—

2A clearance 20+ 10 um
2B interference 25:10mn(mthcoldwork)
2C interference 70 £ 10 ym
2D interference 70 £ 10 pm (with cold work)

In order to check these fits, both the fastener diameter and hole diameters were measured. The HI-LOK fasteners used by
cach participant in systems 2A and 2B were not from a common batch, hence the measured fastencr diameters are not
consistent. The HI-TIGUE fasteners however were from a common batch and the measured diameters are

therefore the same. Variation in fastener diametet for a given batch was found to be very low, usually less than about § pm. The
hole diameters produced and measured by individual participants also show good repeatability, generally within 15 um. All

holedimm:werenmted and a summuiry of measurements and fits is given below.
Fastener system 2A — (range specified +10 + 30 um)

Joint Hole dia. range Fastener dia. Range of fits
(mm) (mm) (wm)
Q 6.363 — 6.368 6.330 +33438
U 6.315—6.320 6.324 -4 -9
1172 6.331 —6.341 6.310 +21 431
X 6.345 — 6.360 6.330. , +154+27
l?msymm 2B - (range specified —15 —35 pm)
Joint Holé dia. range Fastener dia. Range of fits
‘ (mm) (mm) (wm)
Q 6312 -6.317 6.330 —16-21
[}) 6.320 - 6.327 6324 +3 -4
1172 .
X 6.325 —6.339 . 63% +9 -5

sl

o~
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“ .
 Fastener sysom 2C — (reago spaciied —60 —80 pmm)
| 2, ] . 62466258 6328 -61-19
i v 6225 — 6250 6325 =75-100
i ‘ . Fastener systom 2D (range specified —60 —80 wm)
g 1?,2}' 6246 — 6257 6328 —-8-79
u T 6220—6238 6325 —90-105
" “Holes produced by the same reaster
i
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ANNEX 2 )
- PIN,COLLAR AND NUT PART NUMBERS USED IN INVESTIGATION L

) Mﬂ“hﬂde&/ﬂ”*“&“hw«n
Fastenar systom tAand 1B _
NLT HLI9PB-8-6

with H604-4 st
LT HL11VAP8-8 “with H604-4 et
) HiTjcimt HL19PD-8-11 with  H604-4 ant
Fastener system 1C
' NLTjoist HLT3I19-8-6 with HS41L-4F e
LLT HLT411AP-8-8 with  HS41L4F amt
-HLT joimt HLT319-8-11 with HS4IL-4Fmm
‘ Fastoner system 1D
*] MiTjoim GPLISC-DTOS-0BAC with 2SOC-3008 collar
LiTjoimt GPL3ISC-VOS-0SAC with 2SC-3C08 collar
HLTjoimt GPL3SC-DTO8-11AC with 2SCC-3C08 collar
Fastener systers 2A and 2B
Qjoimt HL19PB-8-7 with HL70-8 collar
& HL19PB-6-9 with HL70-6 coller
1172 dopa-e HL19PB-8-7 with HIL70-8 coller
HL197B-8-7 with HL70-8-collar
2 x HL19PB-8-7 with m.m collar
Fustomer systom 2C and 2D
Qjoim HLT319-8-7 with HS4IL-4F nut
&HLTI19-8-9
112 m HLT319-8-7 with - HS41L-4F nut
U joim HLT319-8-7 with HS41L-4F sut

*1  Thase fastencss were ot svailable in the 6 g#ip length. The —8 grip leagth was usod with a 7 mm thick washer.
%2 Joints are assombied with & 1 mm thick washer.
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ANNEX 3
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mwmumum-ﬂmmhmumwmmmm
Sugin gauges were sttachad 1o the specimens st various locstions as described in Anncx 4 of reference 2. The SB gauges were

- tached on either side of the failing clesaent near to the fastencrs from which failure occurs, The SB ratio was simply calculated

8 the rasio of the bending sirain (0 the axial o 2in. The LT geuges were attached to either side of the specimen at two distinct
locations. Owe location was remote from the toat section and measured the total load applicd. The other location was on the
failing element beyond the row of fistenors from which the failare occured. This row of gauges measurod the laad bypassing the
fassmavs. Thie method of averaging these values was not defined. The method used on the Q-joint consisted of averaging
consecutive values across the section. The method used on the | 1/2 dogbone consisted of integrating a filth order polynomial
it obtaised from the surface sirain measurements. Each method was used consistently and comparisons should only be made
duwuuummmmmmcmmmmummmmmmu
anly be uscd as & guide.

VﬁuleMﬂmMmthMMymuﬁmMﬂmmmm
mhdememhmmﬂnwwwmmducretclevelsandmeammmems
were taken at cach level given below.

% of muimum load
in FALSTAFF
0
16.7
333
50
66.7
833
100
833
66.7
50
333
16.7 -
0

minimum load
0

The LT and SB values were calculated at each discrete level for each strain gauge pair. The average value was calculated
across the section and is presented in tabular form. The data also shows how the LT and SB values vary throughout a loading
cycle. A measurement cycle was made at the start of the test. In order to ensure that measurements were also available when the
joint was stabilised, a bedding-in procedure was used. This simply involved cycling the joint from zero load to 50% of the
maximum FALSTAFF joad for a number of cycles. The measurement cycle was then repeated. This process was repeated until -
the measurements of LT and SB had stabilised. The loading sequence used in this programme is given below:-

* 0 —100%FALSTAFF — MIN FALLSTAFF — 0
0— $0% FALSTAFF — 0 (5000 CYCLES)

*  0—100%FALSTAFF — MIN FALLSTAFF — 0

- 0— 50%FALSTAFF — 0 (5000 CYCLES)

*  0— 100%FALSTAFF — MIN FALSTAFF — 0

The * represents the meusurement cycle described earlier.

‘The compiete FALSTAFT load range was not used for the bedding-in process. This is because experience showed a high
percentage of strain gauge failures using the complete sequence. Since some of the gauges were adhered to the faying surfaces,
replacement was difficult and time consuming. The compromise bedding-in process however resulted in some strain gauge
hysieresis, during the measurement cycle. The measurements of LT and SB presented in this report are those obtained after the
bedding-in procedure,
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ANNEX 4
IMPORTANCE OF SCATTER

The fatigue endurances for the no or low secondary bending programme are presented in figures 9 and 10 for the case of
low and high applied stresses respectively. The scatter is generally lower at the higher stress level but not significandy. There
appears 1o be no relationship between fastencr system and the amount of scatter. The NLT transfer specimen endurances are
sissilar with all of the fastener systems and at both stress levels and are therefore not further considered in this Annex.

The fatigue life scattor bands of the three enhanced fastener systems (1B, 1C and 1D)overlap for both joints at both stress
evels. It should be borne in mind that the HLT joint endurances were obtained at 375MPa and the LLT joint at 350MPa.
Scatter bands of the datum fastency sysiem only overlap those of the other three systems in one case. This is the case of the HLT
joint at the lower stress lovel with HI-TIGUE fasteners. This could potentially result in a lower than unity life improvement with

To quantify the effects of scatter on fatigue life improvement factors (LIF), the results are analysed in two ways. Firstly the
extremes of LIF are (ziculated from the data. Secondly each data set is considered to be distributed in some regular way. The
minimum lives of each data set are used to calculate LIF (min) and the maximum lives of each data set to calculate LIF (max).

- Assussing the distribution of cach data set to be log normal, the log mean values are also used to calculate a factor LIF (Av).

. TABLE A1 Absolute Life Improvement Factors

- PASTENER ) LLT JOINT : HLT JOINT
SYSTEX 280MPa 350MPa 280MPa 375HPa

HI-TIGUE 1.86 « 5,22 1.85 - 4.31 0.86 - 8.31 1.71 = 11.57

, HI-1OK IN 2.17 - 14.24 | 2.03 - 15.41 1.35 - 15.14 ; 3.61 - 11.67
C.¥. HOLE .

HUCK EXL IR | 3.53 - 8.03 3.62 - 12.83 2.56 - 14.28 | 7.00 - 29.57
C.W. HOLE

TABLE A2 Distributed Life Improvement Factors

; T R 1 H
! PASTENER | ! LLT JOINT | HL? JOINT i
H SYSTEM ; LIF | 280 350 280 375 i
’ T : i
MIN | 2.94 | 3.15 2.21 ! 4.38 |
HI-TIGUE AV V3,14 ) 2.8t 2.10 | 4.54 |
MAX 3.30 | 2.53 3,25 | 4.52 |
|
i
HI-LOK MIN | 3.48 ) 3.46.0 245 ) 9.25
IN C.W. AV 6.05 6.36 3.96 | 6.41
HOLE . MAX 8.99 9.0% 5.92 i 4.56
—
]
MIN | 5.8 | 6.16 6.54 | 17.90
HUCK EXL IN | AV 5.48 | 7.18 | 5.53 | 11.99
C.¥. HOLE MAX } 5.07 | 7.53 } 5.59 i 11.56
]
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ANNEX §
_ PRIMARY FATIGUE CRACK ORIGINS
mmmmmmmemewﬁdmmmmwmmwwmw

%) . HLT Specimen
3
B |
[] L
e
Fastener Fastener
1 2
FASTENER SYSTEM . { Maximum net SPEC NO Flights ORIGINS
Stress (MPa) to Failure
280 H1/1 37898 4
280 H1/6 23172 10
280 - H1/% 30839 a
280 H1/10 34929 [
280 H1/7 14821 10
- 1A« HI-LOK .

IN PLAIN HOLE, 375 H1/2 7572 a ‘
37% H1/9 40314 a :
375 H1/8 3559 a :
375 /3 3451 a :
375 H1/4 2959 5,6,7,11

[4




Pastener system Maxisum net SPEC NO Flights ORIGINS
: Stress (MPa) to Pailure
§ 280 H4/2 66624 -
280 H4/5 : 32796 b
: 280 H4/7 52172 10
280 ' H4/9 Co123227 6,7
280 H4/10 41024 b -
1B. HI-TIGUE : : : A
IN PLAIN HOLE 375 H4/ 34224 10
375 H4/3 271749 10
375 ) H4/4 . 270319 10
375 "H4/6 12972 6,7
31 H4/8 20924 6,7
280 H6/2 51172 11
280 H6/8 76759 11
280 H6/4 > 224420 -
280 , ‘H6/1 166196 "
280 - H6/9 93021 1"
: ©  1C. HI-LOK IN ' :
; COLD-WORKED 375 _ H6/7 31759 "
f HOLE 375 H6/3 34525 1"
! 375 H6/6 27772 5
: 375 H6/10 27359 6,7
280 H3/9 211711 4,12
280 H3/1 - 155031 b
280 H3/3 155172 b
280 H3/4 96996 d
280 H3/5 146572 d
1D. HUCK-EXL IN
COLD-WORKED 315 H3/6 87511 b
HOLE 375 . H3/T . 58880 10
3715 H3/8 55172 c
371% H3/10 59929 b
375 H3/2 52972 10
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rasténer " mop PLATE (CSK) * BOT PLATE CENTRE PLATE
System 280 375 280 375 280 375
(1) 37898 | (4) 2959 }(6) 23172 (5) 30839 | (2) 7572
n ~1(7) 14821 (10) 34929 | (9) 4031
(8) 3559
‘ (3) 343
37,898 2,958 18,532 32,820 4,394
) (9) 123227} (6) 12972 (7)‘52172 (1) 34224 (5) 32796
1B .1 (8) 20924 (3) 27749; (10) 41024
v (4) 27031
123,227 16,475 52,172 . 28,396. 36,680
(6) 27772 1(2) 51172 | (7) 31759
1c (10) 27359,(8) 76759 ; (3) 34525
(1) 166196
-1(9) 93021
27,565 88,276 | 33,113
(9) 201711 (7) 58880} (9) 211711 | (6)
(2) 52972} (1) 155031 | (8)
1D (3) 155172 | (10)
(4) 96996
7 (5) 146572
211,711 | 55,848 148,579 66,141

( ) Specimen numbers

Observations

(1) Failuresin the top and bottom plates originate at fastener 1.
(2) Failuresin the centre plate originate at fastener 2.
(3) The majority of failures using system 1D are in the centre plate, the longest lives are achieved with this system.
(4) Al of the failures using system 1C are in the side plates, the majotity in the bottom piate.
(5) The majority of failures using system 1B are in the side plates.

——

.




b) LLT Specimen
a
4 2
c
P SK\\\
ﬁ' Hole ! Hole 2
{
Fastener System Maximum net SPEC NO Flights to ORIGINS |
Stress (MPa) Failure |
280 166 15372 (1) v
280 167 14329 (2) v
280 168 20172 v |
280 169 22680 (1) e,b,1 |
' 280 170 16572 (1) e,b,1 |
1A. HI-LOK
IN PLAIN HOLE 350 161 6031 (v
350 162 172 (1) b,1
350 163 5424 (1) e (2) 1
350 164 9239 {2) b,1
350 165 8572 (1) 1 (2) b
280 L4/ 55351 (2) a
280 L4/9 54772 (1) a
280 L4/4 53172 (1) 2(2) a
280 L4/7 42172 1) a
280 14/10 74772 (2) a(1) a
1B. HI-TIGUE
IN PLAIN HOLE 350 14/6 17080 (1) a
350 L4/3 17729 (2) a
350 14/8 22959 (1) a
350 L4/% 21572 (1Y2()a
350 L4/2 23372 (1) a
;
T —
o e W I P st NSO
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[}
Fastener System Maximum net SPEC NO Plights to | ORIGINS
Stress (MPa) Pailure |
280 186 4923 (1) 2,1
i 280 187 118194 (2) v,2
H 280 189 115234 - (2) v,2
280 190 99031 (1) 3,4
1C. HI-LOK IN .
COLD-WORKED 350 181 18759 (1) 1,2
HOLE 350 182 61325 (1) b,1
350 183 46586 (1) 4,8
350 185 83591 (1) 1,3
[}
] []
280 196 H 79972 () 1 i
280 198 i 115021 (2) c,d |
280 200 : 97031 (2) s |
1D. HUCK-EXL IN _ v A
COLD-WORKED 350 191 69611 (a2 |
HOLE 350 193 66231 (1) a |
350 194 33431 (1) 2 i
350 195 47943 (2) a,® !
] 3

Observations of LLT joints
(1) Failure from hole (1) was more common than from hole (2) (60% at (1) 40% at (2)) but in no systematic way.
(2) Failure from the countersinks was observed only with high interference fit fasteners.

(3) Al of the failures with system 1B originated ® the countersinks, only 50% with system 1D originsted 2t the
countersink.

() Al of the failures with fastener systems 1A and 1C originated from mubtiple origins at the bore of the hole.
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¢) Q-joint

Position of
failure section

N

+
&

l—.A
a ) € 5) 3 t
: -
A Ll - ]
g M jK'Lmn o peqR St u v
Pailure '
section
Pastener system; Maximum net SPEC NO , FPLIGHTS 70 ORIGINS !
(Stress MPa) - PAILURR
280 X3 12128 (=1) J,m.q,t
260 h 71 14431 (~1) n,m,q,t
] 200 - 3 12160 (=1) »,q(0)8
280 X9 13031 (=1) J.m,q,t
, o 200 110 14031 (=1) Joa.t
2A. NI-LOK 1N
PLAIN NOLR »o n 925 (=1) =, ¢
350 X2 2929 (0) K,L,2,8 |
350 )+ 444 (o) x,L,2,8 |
0 ] 3% (0) K,L.0,8 |
]

PO SR
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L1

Maximum net

ORIGIN

Tastener systea SPEC N0 | PLICHTS TO
: Stress (MPs) | FAILURE
280 cw2 9631 («2) g.(~1)
280 o4 14424 (=2} o,p
280 cué 12329 (=1.5) 0(0)X
280 oW 16224 (-1.5) h,q,u
. 280 c¥10 17631 (-1) Jemepstyu
2B. RI-LOK IN o ,
COLD WORKED 350 oV, 3801 (o) x,L,q,8
HOLE 350 o 3172 (o) x,L,8
350 w7 3624 (o) x,L,R .
350 cwe 5323 (0) x,L,R,(=1)o,u
280 12 78 032 (+1) B,(0),L
280 13 - 25 225 (+1) £,(0),R
280 14 30 860 (+1) B
280 17 1 18 530 {+1) D,E
280 1
2¢, MI-TIGUR IN| , :
PLAIN NOLE 350 15 15825 («1) B
. 350 16 21730 («1) L.,q
350 19 1173 (=3) n
350 20 16 385 - | (=) q,t
350 2 8 232 («1) n
350 2 13 573 (1) B
260 s L omssm ! 2 :
280 5 5632 "
280 -6 T 3%0 (+2)2(0)R
.200 7 111 93
280 10 91 22% (=1)v(O)R
20, H1-TICUR IN _
COLD WORKED 350 2 % 981 (=.5) »
HOLE - 350 3 32 695 (-t) a
‘ 350 8 16 840 («3) w \
950 9 11 159 (=1) » i
350 1 1997 (-2) u !
]

#) Pailure from defest near end plate
92 Failure from fastesers in cemtrolling section

. Qrjoint Sumemney

Pastenes systons/stress vl — Failure site
20/ — On-1 line, just oway foust odge of hole

2ANIP ~ Ou0Bng, ot edgs of hals.

2/ow  —On-1.5 Tne, woll snay Sums olps of hols
2igh — OnGlins, stolgnolfhals. -

2CAow -~ On +1lne, ot adge of couniesnink

ACAIgh = On +1 ing, of elige of commtersink or

On-1 Hus, sour odye of bole.

/ww -~ Verion — ol

of

wpesien :
2D/igh — On -1.5 lins, well svay (om odgs of hele.
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Fastener system | Maximum net SPEC RO PLIGHTS T0 ORIGIN
- Stress (MPa) FAILURE .
268 : 18411 -8
268 Lo 60372 R
_ 268 - _ v 56972 S
L . - 268 63831 E
2A. HI-LOK IN . . ’
PLAIN HOLE 335 9559 ¥
: 335 15419 S
: ' 335 . 23373 )
4 . o 335 22231 E
' , : 268 29572 : S
3 . ) ) 268 40431 v ReW
: 268 : 58231 ]
‘ 268 35759 RV
2B. HI~LOK IN i ' _
COLD WORKED 335 o 13524 RV
HOLE ‘ .33 ’ 14231 R
335 i 17962 P»T
335. _ ‘ 19172 : G
. 268 (] 30764 ¢
- 268 » cs 36572 ;|
2C. HI-TIGUE IN; . 335 c4 9983 G
PLAIN HOLE 335 c2 16734 U
4 S 339 c3 14067 L)
| . 4 335 7 c8 11780 ¢
268 jul . 346 - A
268 D2 42640 Y
. 268 D6 28265 Q
2D. HI-TIGUE IN;
'COLD WORKED 335 D7 19007 P
HOLE - 335 D5 17308 P
© 335 "8 14946 B
‘ 335 D3 14564 T
ﬁu ' ‘2A. RHI-1LOK IN 335 A3 11165 r
PLAIN HOLE 335 Mo 13626 B
{COMPATABILITY) 335 A2 o 19955 ¢




] “-
! n/znogbm_&nmsy

f _ Fastener system/stress level — Failure site

| ; : 2A/low — From edge.of hole ot interface or just forward of hole.

! 2A/high — From edge of hole at interface o just forwaed of hole.

; ; o 2B/low — Just forward of hole or at edge of side piate.

! { © 2B/high — At edge of side plate o from edge of hole at interface.

i : " 2C/low — Just away from edge of hole at interface '

2C/high — Just away from edge of hole at interface or forward of fastener holes.

‘! : 2D/low — Various — away from fastencr hole on top surface.
‘ ' 2D/high — Just forward of fastener hole on top surface. -

SOt e e
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‘Pastener system , Maximum net SPEC RO , PLIGHTS T0 ORIGIN
‘ : Stress (MFPa) FAILURE
200 41.6 | 13860 1-6
200 41,71 16972 a,b,d-h
o . 200 41.8 -13180 a-e,g
. " 200 41.2 13772 a-f
: ‘ : 1 2A.  HI-LOK IN - , o
; PLAIN HOLE 267 41.1 5426 | a-f,h
- - 267 41.3 5329 a-h
267 S M4 5590 a-t
i 26T 41.5 6280 a,c-h
1 - s
; 200 2.4 82172 1-6,h
H 200 . | . 42.5 30224 1-8
¢ 200 42.6 |- 35631 1-8
i , . 200 42.8 27630 1,3-6,8
: 28. HI-1OK IN -
¥ COLD VORKED 267 42.1 10929 a-h
HOLE 267 42.2 11972 a-h
3 o 267 42.3 11372 | a,c~h
| 267 o 42.7 6172 1-8

xms.—'y _

) rmwmm—mm
ZA/low — from fastener holes in base plate
2A/%igh — Bom fastener holes in buse piate
20/low ~ from fawtener holes in sphice plate
2B/high — from fastener holes in base piste

!
!
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g s ,
’ b
i | o
| S ;
| i v
] f  U-joint
| : . _
t 'Y S 1
0 I
24 f2
} )
i
{ b _
Fastener system | Maximum net | SPEC NO | FLIGH?S 70 | ORIGIN
: I Stress (MPa) . °} FAILURE »
276 - S1-4 7831 ) b,c
‘ , . . 276 S1-5 19311 2
z ' _ v 276 S1-6 10631 | 1,2
3 S 276 S1-7 23631 b,c
2a. HI-L0K IK ’ - '
PLAIK HOLE 345 811 5558 1,2
245 1 s1-2 5729 . B,C
345 81-3 5431 b
276 §3-4 24372 1,2
276 83-5 17834 1,2
276 $3-6 16031 1,2
| _ « » 216 83-7 19572 1,2
| 2¢. KI-TICUR IN : :
PLAIR HOLE 345 7 831 C 15424 2
: 345 83-2 13520 2 :
345 833 13969 1,2 :
e %
5
. :
| §
i
!
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joint 10 produce different amouats of LT and SB by simple geometric changes. These changes involvé fastener diameter,
mdmdmmwmdmmmwmmmdu@upmmﬁgsml/4"d|ameier
mmTemdho-jommmaA)MHl—LOKmaooldworkedhole(ZB),wasper&nwdwnh
3/16" diameter fasteners installed in the controlling section, and 1/4° diameter fasteners in the test section. In order to assess
whether using the standard joint would produce similar fatigue lives to those obtained with the smaller fastener in the
controlling section, measurements of LT and SB were made on standard joints. The results of these measurements are given in
table 4, and are compared with those obtained using the smaller 3/16" diameter fastencr, presented in table 5. Many strain
gauge failures occurred during the testing of the 1/4” standard joint, particularly with the plain hole specimen.

. can however be made of the cold worked specimens. The load transfer values are very similar but the secondary bending

somecwhat higher in the standard joint over most of the load range. lmexpectedlhereforcthatmefnmehvaofstandudo-
joints with 1/4” HI-LOK fasteners in plain and cold worked holes will be slightly shorter than those with 3/16* diameter
fasteners in the controlling section. A small number of tests have been performed with the standard joint, and the above appears
10 be true at the lower stress level. At the higher stress level however the fatigue endurances with the standard joint are slightly
greater than those with the 3/16” fasteners. Since the secondary bending is so high, it is expected that there would be little
difference between the fatigue lives of plain and cold worked hole specimens. This also appears to be true from the small
number of additional tests.

o ammm e —
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